Avian brood parasites impose large fitness costs on their hosts and, thus, brood parasitism has selected for an array of host defensive mechanisms to avoid them. So far most studies have focused on antiparasite defenses operating at the egg and chick stages and neglected defenses that may work prior to parasite egg deposition. Here, we experimentally explore the possibility that hosts, as part of a front-line defense, might minimize parasitism costs through informed nest site choice based on perceived risk of cuckoo parasitism. We conducted a large-scale manipulation of visual and auditory cues potentially informing on the risk of great spotted cuckoo Clamator glandarius parasitism during the nest site choice period of the magpie Pica pica host to investigate its effect on host's nest settlement and individual year to year site fidelity. Early breeding magpies preferentially placed their nests in safe areas (i.e., in sites of low perceived risk of parasitism), and, this effect diluted with time elapsed since risk of parasitism was manipulated. Site fidelity of individual magpies decreased with risk of cuckoo parasitism, for those that were not parasitized in the previous year. Our results constitute the first strong evidence showing that hosts can minimize the costs of cuckoo parasitism through informed nest-site choice, calling for future consideration of defenses potentially operating prior to parasite egg deposition to achieve a better understanding of cuckoo-host coevolution.
INTRODUCTION
Interspecific avian brood parasitism occurs when a species, the parasite, lays eggs in the nest of another species, the host, which then raises the parasitic offspring. Brood parasitism often diminishes the reproductive success of the host, sometimes entailing the total failure of the breeding attempt (Payne 1977; Rothstein 1990 ). Thus, interspecific brood parasitism is a powerful selective force selecting for host-defenses against brood parasites. Host defenses may operate either before the parasite lays its eggs into the host's nest (e.g., mobbing behavior before laying, (Røskaft et al. 2002; Welbergen and Davies 2009 ), or after parasite egg laying (e.g., parasite egg discrimination and rejection Davies and Brooke 1988; Soler and Møller 1990; Moksnes et al. 1991; Avilés et al. 2010; Spottiswoode and Stevens 2010) or nestling discrimination (Langmore et al. 2003; Grim 2007; Sato et al. 2010; Tokue and Ueda 2010) .
Proactive avoidance of brood parasitism is a likely mechanism that may reduce the costs of parasitism and host-defense against cuckoos, by acting as a front-line defense (Feeney et al. 2012 ).
Indeed, probabilities to protect the host's entire breeding attempt are higher when host defenses impede the parasite from laying the egg into the host nest than when prevention occurs after parasite's egg laying (Feeney et al. 2012 ). Thus, under high brood parasitism pressure, selection is expected to favor mechanisms allowing hosts to assess the risk of brood parasitism in advance and respond to it accordingly. Evidence that birds may proactively avoid risky breeding places came from experimental work showing that birds can rely on cues informing on predation risk when choosing their breeding locations (e.g., Eggers et al. 2006; Fontaine and Martin 2006a; Fontaine and Martin 2006b; Mönkkönen et al. 2009; Parejo and Avilés 2011) . However, evidence that hosts of avian brood parasites may assess parasitism risk prior to choose their nest-sites is mostly correlative (reviewed in Kruger 2007) , and, restricted to a handful of studies showing that some hosts locate their nests far from vantage points (Øien et al. 1996; Moskát and Honza 2000; Antonov et al. 2007; Patten et al. 2011; Welbergen and Davies 2012) , or in nonaccesible places to brood parasites and/or predators (Kruger 2004; Avilés et al. 2005; Grim et al. 2011) . Correlative studies however, do not exclude the possibility than noncontrolled environmental factors (e.g., food resources, predators, and/or competitors) may indeed have shaped host nest-site choice. So far, 2 studies have provided experimental support for habitat selection based on assessment of local parasitism risk. On the one hand, Forsman and Martin (2009) studied a bird host community parasitized by the generalist brown-headed cowbird Molothrus ater. These authors showed that hosts species, by settling down during or after the manipulation of parasitism risk, avoided the patches with simulated high risk of parasitism. However, potential hosts of cowbirds responded to the experiment as a group and not at the species level (except for one host species), raising the possibility that density-dependent processes may be at work (Forsman and Martin 2009) . On the other hand, Tolvanen et al. (2017) have recently conducted a playback experiment to test for the capability of a bird community to perceive cues emitted by the common cuckoo Cuculus canorus in Finland. Density of open-nesting hosts as a whole, but not that of preferred hole nesting hosts, was lower in sites where cuckoo calls were emitted as compared to silent control sites (Tolvanen et al. 2017) . However, as noted by the authors themselves, they did not include a control for the playback treatment, and it is possible that their results were the result of an increase in vocal activity by a species other than cuckoos at a particular site.
In this study we aim to demonstrate for the first time that hosts assess parasitism risk in advance and select nest sites with low risk. We experimentally increased great spotted cuckoo Clamator glandarius (hereafter cuckoo) parasitism risk to determine its influence on nest settlement and site fidelity of its main host, the European magpie Pica pica (hereafter magpie). We predicted 1) that magpie hosts perceive the risk of being parasitized and choose nest sites with low risk of parasitism and, 2) that between-year site fidelity of individual magpies would decrease with an increase in risk of parasitism (e.g., Kolecek et al. 2015) . Because previous experience with cuckoos is likely to influence future nest-site choice of individual hosts (Hoover 2003; Hoover and Robinson 2007; Pasinelli et al. 2007; Fuller 2012) , it may affect their perception of risk. Indeed, experimental work has shown that previous experience with parasites may exacerbate host sensitivity to novel parasite cues in great reed warbler Acrocephalus arundinaceus hosts (Hauber et al. 2006) , suggesting that experience may modulate antiparasite defenses against parasites. Therefore, it is reasonable to expect that our second prediction was more likely fulfilled by the subset of individuals that had experienced cuckoo parasitism in the previous breeding season.
Finally, our experimental setup also allows us to conclude about the temporal value of cues of avian brood parasites. The informative value of cues is likely to depend on synchrony between cue production and the time when the observer can collect the information (Nocera et al. 2006) . Perceived risk of parasitism was manipulated prior to the first magpie reproductive event in the population, hence we predicted 3) that the effect of the experiment diluted along the breeding season, and therefore that late breeding magpies disregarded cues on risk of parasitism.
METHODS

Study area and system
The study was conducted in La Calahorra (37° 10′ N, 3° 03′ W, Hoya de Guadix, Southern Spain) during the breeding seasons of 2012 and 2013. This is a patchy area of about 12 km 2 where groves of almond trees Prunus dulcis, in which magpies preferentially build their nests, are very common (Molina-Morales et al. 2012; MolinaMorales et al. 2013) . Magpies are territorial, sedentary, and socially monogamous long-lived passerines (Birkhead 1991) .
In our study area, magpies lay one clutch during April-May, and are the main host of the great spotted cuckoo (Soler 1990 ).
Cuckoo parasitism increases over the season and varies between years (see Molina-Morales et al. 2013) . Cuckoo parasitism severely reduces magpie reproductive success through early hatching of cuckoo nestlings and effective competition for parental care with magpie nestlings (e.g., Soler and Møller 1996; . Consequently, parasitism has selected for host recognition and rejection of cuckoo eggs, which in turn has selected for punitive cuckoo behaviors promoting parasitism acceptance ("mafia behavior" sensu Soler et al. 1995) . Thus, the interaction between magpies and great spotted cuckoos is considered an example of antagonistic coevolution (Soler and Soler 2000) .
Experimental manipulation of cuckoo parasitism risk
We conducted a large-scale manipulation of visual and auditory cues potentially informing on risk of cuckoo parasitism during the nest site choice period of magpies in 2013.
The experiment started 15 days before the first magpie egg was laid, and hence potentially when magpies were still evaluating breeding territories. The experiment consisted on broadcasting 6 h of great spotted cuckoo calls together with the presentation of a great spotted cuckoo dummy at 9 randomly selected fixed points (i.e., Risky points) of the study area. As a nonharmful control we emitted Hoopoe Upupa epops calls and placed a hoopoe dummy at 10 randomly selected fix points (i.e., Nonrisky points) in the area (Supplementary Figure S1 ). Treatments were applied in the morning during 15 days (from 21 March to 5 April), in alternate days in risky and nonrisky points. We chose the hoopoe as a nonharmful control for the experiment because it poses no threat to magpies and breeds regularly in sympatry with magpies; therefore, magpies are familiar with its presence in the study area. Dummies (5 great spotted cuckoos and 4 hoopoes) were handmade out of plaster and painted by a specialist (http://www.replica-animal.com/) to resemble real great spotted cuckoos and hoopoes in color, size, and shape (Supplementary Figure S2 ). They were made in a standing position and have proved to elicit real responses in magpie hosts (e.g., Avilés, Bootello et al. 2014) .
Dummies were placed on the top of a 50 cm height camouflaged box containing a speaker connected to an mp3 player that broadcasted the corresponding species' call. The calls consisted of 3 different tracks of great spotted cuckoo calls and 4 hoopoe calls (Llimosa et al. 1999 ) with 2 and 3 1-min silence tracks, respectively, that were randomly selected and played continuously during the experiment. This produces unique assortments of calls for each nest and treatment due to their randomized presentation and combination with silence tracks, thus minimizing the risk of pseudoreplication (e.g., Ghalambor and Martin 2000; Parejo et al. 2012 ). The natural location of breeding avian predators has been proposed to create predation risk gradients for their prey, giving rise to a predation risk landscape (Thomson et al. 2010) . Analogously, our manipulation created a parasitism risk landscape that simulated a natural situation where avian brood parasites are likely to act more intensively in concrete areas of the population. A recent study has provided evidence of spatially structured cuckoo parasitism in our population (MolinaMorales et al. 2013) ; therefore, our manipulation of risk of cuckoo parasitism is likely to induce biologically relevant effects in magpies.
Data collection and variables
As part of a long-term project magpie nests from this population are monitored every year from 1 March to the beginning of July, which allowed us to locate every magpies breeding attempt. Nests were found by careful inspection of all trees in the area, and GPS positioned. For each nest we recorded: 1) distance in meters to the nearest risky point (i.e., cuckoo stimulus), and 2) distance in meters to the nearest nonrisky point (i.e., hoopoe stimulus). We calculated the difference between the distance to the nearest risky point and the nearest nonrisky point for each nest as a measure of the spatial distribution of the host relative to risk of cuckoo parasitism (hereafter parasitism risk proximity). Thus, nests with positive values will be those located farther away from a risky stimulus and closer to a nonrisky stimulus.
Also, magpies in this population are routinely banded with unique combinations of color plastic leg bands (e.g., Avilés, Bootello et al. 2014; MolinaMorales et al. 2014; Molina-Morales et al. 2016) . Some individuals were marked at the nest but most already showed adult plumage when caught (Birkhead 1991) , and, therefore, their exact age was unknown. Thus, for the analyses, we assigned a relative age (i.e., value of 1 for naive or 2 for adult) to differentiate categorically between naïve individuals (i.e., up 2 years old when normally this species begin reproducing (Birkhead 1991) and adult individuals (i.e., 3 years old or more) (see Molina-Morales et al. 2016 ). Aiming to study individual magpie's site fidelity in response to risk of parasitism, we identified the adults breeding in each nest by observing all nests with telescope from a hide located around 100 m away. We did so in 2012 and 2013 (i.e., the year when we performed the experiment), which allowed us to assign marked birds to each nesting attempt and test 1) whether site fidelity to breeding territories (i.e., staying vs. leaving the population) was influenced by perceived risk of parasitism in 2013. Some individuals here considered as leaving the population may indeed be dead or not detected in 2013. However, apparent survival in our population is as high as 83.0% (±SE = 2.8, Martinez et al. unpublished data), suggesting that, here, nondetected individuals would be mostly dispersers. Nests were visited at 5 days intervals, except during egg laying when nests were visited every 2-3 days to detect cuckoo parasitism. Nests were categorized as parasitized if at least one cuckoo egg was detected in the nest. Although magpie nests were not visited daily, magpies in our study area only eject about 5% of real cuckoo eggs (see Soler et al. 1995) , and so the risk of not detecting parasitized nests (because magpies rejected the cuckoo eggs before our next visit) is negligible. In addition, since cuckoo eggs can easily be differentiated from magpie eggs (see Soler et al. 2003) , we are confident that parasitism instances were accurately assessed.
Ethical statement
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Statistical analyses
Analyses were performed in SAS, version 9.4 (SAS Institute 2012). Variables were standardized prior to run the analyses.
The effect of cuckoo parasitism risk on host distribution was studied by using a General Linear Model on parasitism risk proximity as dependent variable. As our expectation was that the effect of experiment diluted over the season (see Introduction for details), we used laying date as a predictor in the model. Residuals of the general linear model did not significantly depart from normality (Kolmogorov-Smirnov test for normality, P > 0.20).
In addition, to study magpie site fidelity in response to risk of parasitism, we first performed a Generalized linear model (with Binomial error distribution and a logit link function) in which probability of finding one individual magpie in the population from 2012 to 2013 was modeled in relation to parasitism experienced in 2012 (i.e., parasitized vs. nonparasitized nest) as a categorical fixed factor, distance of each individual nest in 2012 to the nearest risky point in 2013 (distance to risky point) as a continuous predictor, as well as the interaction between these 2 factors. Relative age (naive vs. adult bird) was also introduced in the model to control for possible age effects. In addition, we also entered conspecific density estimated as the average distance from each nest to the 2 nearest conspecific nests because a previous study showed that conspecific density influenced magpies breeding dispersal in the population (Molina-Morales et al. 2012). Only a small fraction of nests had both social parents ringed in 2012 (n = 8 nests) whereas most nests (n = 43 nests) had only one social parent ringed. Thus, only one randomly selected identified individual per nest was considered in the analyses, irrespective of its sex or any other individual characteristic. Once we had detected an interactive effect of distance to risky point and previous parasitism experience on probability of finding one individual in consecutive years (see Results for details), we explored in 2 separate Generalized linear models (one for previously parasitized individuals and another for individuals without a previous experience of parasitism) how this probability associates with the distance to a risky point.
RESULTS
Cuckoo parasitism risk and nest settlement by magpie hosts 
Figure 1
Difference between the distance (meters) to the nearest risky point (cuckoo stimulus) and the nearest nonrisky point (hoopoe stimulus) for each nest in relation to laying date (1 = 1 st January, n = 54 nests).
Cuckoo parasitism risk and individual host site fidelity
Probability of finding individual magpies in consecutive years in our population depended on the interaction between perceived risk of parasitism and its previous experience with cuckoos (Table 1) . Fidelity decreased with the increase of risk of cuckoo parasitism in individuals that had not experienced parasitism in the previous season (X 2 1 = 5.35, P = 0.02, n = 27 individuals, Figure 2a) . Meanwhile, magpies that had experienced parasitism were not influenced by ulterior information about risk of parasitism in their breeding sites (χ 2 1 = 2.14, P = 0.14, n = 17 individuals, Figure 2b ).
DISCUSSION
Previous studies had suggested that hosts of avian brood parasites would prefer habitats with low risk of parasitism when building their nests (Øien et al. 1996; Moskát and Honza 2000; Antonov et al. 2007; Forsman and Martin 2009; Patten et al. 2011; Tolvanen et al. 2017 ). However, this largely assumed contention needed strong experimental support. Here we show, for the first time, that magpie hosts can perceive the risk of cuckoo parasitism through visual and auditory cues and respond accordingly modifying their nest site choice. As expected, the effect of fear to parasitism on host nest-site choice diluted with time elapsed since risk of parasitism was manipulated. Importantly, population patterns of nest site choice in relation to parasitism risk were supported by individualbased analyses of site fidelity. These results, thus, constitute the first experimental evidence of effects of risk of parasitism in host nestsite choice at an individual level. As expected, early magpie hosts settled farther from risky cuckoo points, whereas late ones settled randomly with respect to risk of suffering cuckoo parasitism. One likely explanation to the pattern would be that late magpies disregarded of risk of parasitism cues emitted long before their reproduction because they do not provide reliable information about parasitism risk at the time of breeding (Nocera et al. 2006) . Alternatively, it could be argued that late breeding magpies were not in their breeding territories at the time we manipulated cuckoo parasitism risk and therefore they could not detect induced variation in cuckoo parasitism risk. This possibility, however, is unlikely because magpies are detected in the area prospecting and building their nests before the laying period (Parejo D, Martínez JG, Molina-Morales M, and Avilés JM, Personal Observation). Another explanation is that the diluted effect was a by-product of habitat saturation, and, thus, that late breeder magpies had a lower chance to find suitable free space to breed. In this scenario, early individuals can assess the quality of their habitat and gain advantage compared to late ones, which would be relegated to unoccupied areas (i.e., high risk of parasitism and/or low quality). Indeed, older magpies tend to reproduce earlier than younger ones (Birkhead 1991) . This diluted effect would thus add to the classical relationship between individual quality and timing of birds' breeding season (Verhulst and Nilsson 2008) , leading to early breeders to be settled in the best areas to breed. Irrespective of the mechanism behind this pattern, our results emphasize the importance of fear to suffer cuckoo parasitism during nest-site choice, and suggest that magpie hosts are able to perceive parasitism risk through visual and acoustic cues and proactively select areas, which are far from risk of parasitism to locate their nests. Interestingly, magpie responses to risk of parasitism in terms of site fidelity were contingent on previous experience with cuckoos. Indeed, individuals that had previously experienced cuckoo parasitism disregarded for cues informing hosts about risk of parasitism, whereas individuals that had not been parasitized in the precedent breeding season were more faithful to their nesting sites if they were far from parasitism risk (Figure 2) . These results are thus contrary to our a priori expectation (prediction 2) that previous experience with parasites will exacerbate host sensitivity to novel parasite cues. Why fear to cuckoos appeared to be less if magpies had suffered cuckoo parasitism is intriguing and could be explained by reliability of informative cues. Previous breeding experience in a particular habitat may influence return rate and breeding dispersal distances in birds (Hoover 2003; Pasinelli et al. 2007 ). More generally, when an individual possess own information about a resource, it should preferentially use it compared with external information (Templeton and Giraldeau 1996; Nordell and Valone 1998; Kendal et al. 2004 ). Information reliability is an important factor determining relevance of information, so that how consistently the information is related to something relevant in the environment, that is, reliability (sensu Searcy and Nowicki 2005) , may determine which information is attended for decision-making (Blumstein etal. 2004; Searcy and Nowicki 2005; Dunlap et al. 2016) . In this context, previously parasitized magpies should balance information about a real parasitism event and a possible future event based on local parasitism risk. However, it is not easy to grasp why already parasitized individuals disregarded information about cuckoo risk as this may constitute reliable, although not sure, information about a known cost of parasitism. One possible explanation is that the absence of an effect of risk of parasitism for individuals that were already parasitized was due to an early dispersal event of these individuals out of the population (see main effect of parasitism in Table 1 ). In this vein, while nonparasitized magpies would make settlement decisions based on local abundance of parasites, once an individual faced cuckoo parasitism, it will preferentially disperse out of the population (Kolecek et al. 2015) , and, therefore, will have a very low chance of being exposed to risk of cuckoo parasitism in the year of the experiment.
On the other hand, we failed to find an effect of relative age of individuals on their fidelity to their breeding area. Naive individuals, due to their inexperience, are usually less competitive for breeding territories than older ones (Nordell and Valone 1998) . Therefore, naive individuals are expected to make a worse assessment of resource quality. In our study, however, we did not detect any effect of age on the response to parasitism risk on individual fidelity to breeding areas. Perhaps our relative estimation of individual age is under this lack of response because we only could distinguish between young and adult birds and the effect of age is probably more progressive.
CONCLUSION
Our experiment demonstrates that hosts can use cues informing about risk of cuckoo parasitism to proactively choose their nest site, and that the use of such cues by individual hosts is contingent on previous experience with cuckoo parasites. Hence, our results highlight the importance of considering the fear of suffering cuckoo parasitism in future studies assessing habitat choice by cuckoo hosts. More broadly, habitat assessment of cuckoo parasitism risk may constitute a front-line defense against brood-parasites that may lead to hosts to successfully breed in presence of parasitism (Feeney et al. 2012) , worth exploring in other avian-brood parasite systems. Finally, our study illustrates the importance of addressing nest-site choice by hosts on marked individuals with a known history of their interaction with the parasite, as current nest-site choice patterns may reflect the effect of parasitism in the past.
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